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TURBULENT FLOW IN NON-CIRCULAR DUCTS. PART 1 

MEAN FLOW PROPERTIES IN THE DEVELOPING REGION OF A SQUARE DUCT 
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Abstrac-The generalized mean properties of turbulent flow in non-circular ducts am examined for the 
developing region of a square duct, The experimental data include mean velocity profiles and peripheral 
wall shear distributions at several locations, as well as the longitudinal static pressure distribution, all for 
Reynolds numbers between 50000 and 150000. 

A similarity exists between the mean wall isovels and peripheral wall shear distributions in the develop 
ing region with those of fully developed flow. The wall shear stress rapidly assumes a value that is slightly 
greater than that for fully developed flow, even though the axial pressure gradient has not stabilized, due 
to the convective acceleration of the core fluid. This indicates that the near wall flow rapidly establishes 
fully developed properties. 

It is recommended that for engineering calculations an effective development length in conduits be 
defined in terms of the stabilization of wall parameters such as shear stress and heat transfer. For this 
square duct with a well-rounded large contraction ratio entrance, the wall shear stress had established 
within six hydraulic diameters, while by comparison the core fluid required a development length approxi- 
mately an order of magnitude larger, and would appear to be controlled more by the Reynolds number. 
The Preston tube experimental shear stress data am confirmed by a momentum integral procedure which is 
generalized for all regular polygons. The experimental and predicted wall shear stress data are correlated 
to within 4 per cent of fully developed pipe data by using a new characteristic length scale which takes into 

account the shape of the duct, 

NOMENCLATURE 

side length of regular polygon ; 
hydraulic diameter of regular 

polygon ; 
new characteristic length of regu- 
lar polygon ; 
boundary layer thickness ; 
Cartesian co-ordinates ; 
velocity in the longitudinal direc- 
tion ; 

entrance velocity ; 
mean velocity in duct = U, 
(assumed uniform) ; 
velocity outside the boundary 
layer (assumed uniform) ; 

* Presently at SPAR Aerospace Products Ltd., Toronto, 

Ontario, Canada. 

u*, wall shear velocity ; 

dP, static pressure difference between 
two faces of slice dx, ; 

z W? wall shear stress ; 

8, half the included angle between 
sides of regular polygon ; 

PT mass density of fluid ; 

v, kinematic viscosity of fluid ; 
Re, Reynolds number ; 

Re,, Reynolds number based on D, = 

U,D,lv ; 
h, Reynolds number based on DL = 

U,DJv; 

Cf, friction factor = z&p Ui. 
Velocity superscript ’ +’ implies : 

velocityiJ(qp). 
Length superscript * + ’ implies : 

length +/(z,/p)/v where J(z,/p) = u*, 
365 
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INTRODUCTION 

THE EFFICIENT design of compact heat exchangers 
with non-circular passages demands that the 
turbulent flow characteristics be known in both 
the fully developed region as well as the develop- 
ing region. In contrast to the extensive investiga- 
tion of the flow over plates, and through 
circular pipes, a very small amount of data 
exists for flow in non-circular conduits. This is 
particularly true when we consider that each 
duct has certain unique properties, and that 
each duct could be investigated as completely 
as a circular pipe. It is however, the intention 
of the authors to relate the flow properties of 
non-circular ducts to those of pipes, with as 
general and yet as accurate correlation tech- 
niques as are possible. This is feasible since 
such parameters as wall shear stress and wall 
heat transfer are found to be dominated by the 
near wall flow, and are influenced to some 
extent by the duct shape. 

For the case of a circular pipe the equations 
of motion adopt their simplest form, particu- 
larly for fully developed flow. A single velocity 
profile, which is sufficient to characterize the 
flow, can be obtained from a single auxiliary 
equation to express the turbulent shear stress 
distribution The adoption of Prandtl’s mixing 
length assumption as the auxiliary equation, 
along with the Couette flow assumption to 
simplify the equations of motion yields the well 
known law of the wall or wall log law velocity 
profile. This profile, when it is assumed to 
apply for all of the pipe yields a drag law which 
is commonly used. Blasius [l] and others have 
proposed drag laws based upon power laws 
or other empirical correlations, with good 
results, but for a limited Reynolds number range. 

Based on the success of drag laws for fully 
developed flow through circular pipes, attempts 
were made to extend the procedure to non- 
circular ducts. The pipe diameter was ap- 
proximated by the hydraulic diameter and the 
observed friction factors calculated from the 
pipe law were found to be in error by as much 
as 30 per cent, depending on the shape of duct 

(Claiborne [2]). For square and triangular 
ducts, these errors were about 10 per cent. 
These results are not surprising considering 
the nature of turbulent flow in non-circular 
ducts. 

Carlson and Irvine [3] working with a 
triangular duct at appropriate Reynolds num- 
bers, varied the apex angle from 4’ to 39” and 
showed that the error in the Blasius’ friction 
formula varied from 20 to 4 per cent. These 
overall numerical observations were backed up 
by the experimental observations of Eckert 
and Irvine [4], which showed the existence of 
both laminar and turbulent regions in fully 
developed flow through a triangular duct. The 
extent to which the laminar region existed 
depended upon the Reynolds number. 

Nikuradse [5] was possibly the first to 
establish the tendency of the isovels (equal 
velocity plots in the cross section) to penetrate 
the corner regions of non-circular ducts. Prandtl 
[6] explained the mechanism of this tendency of 
the flow on the basis that turbulent fluctuations 
were larger tangential to the isovel than normal. 
The resulting body force was greatest at the 
points of largest curvature of the isovels and 
acted in the direction of decreasing mean 
velacity. This thus gave a flow directed towards 
the corner, and by continuity required the flow 
to move along the straight boundaries and 
away at the point of smaller curvature resulting 
in a spiralling secondary motion. This pattern 
has been established experimentally by Hoag- 
land [7] and Brundrett and Baines [g]. The 
latter reference cites square, rectangular, tri- 
angular and trapezoidal duct data and shows 
that the corner bisector separates the secondary 
flow cells. Deissler and Taylor [9] neglected 
the secondary flows and solved the non-circular 
duct problem by assuming the log law to hold 
along rays normal to the isovels. Their results 
for square and equilateral triangular ducts 
did not agree consistently with experimental 
results. The experimental data also did not 
correlate with circular pipe data but was, in 
general, lower. The friction factors for the 
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square duct were lower by about 8 per cent and 
for the triangular duct by about 4 per cent. 
The heat transfer data showed the, same trend 
and was lower in both cases by about 3 per 
cent for the square duct and about 8 per cent 
for the triangular duct. 

It is thus seen that the circular pipe is a very 
special case of the general flow through arbitrary 
shaped ducts, even for the fully developed case. 
Hence in order to general&e the circular pipe 
drag and heat transfer laws, and to check 
turbulence models which are necessitated by 
new developments [ 10, 111 it is necessary to 
conduct investigations in a large number of 
non-circular ducts, both for the fully developed, 
as well as for the developing regions. In this 
paper the authors will consider the drag law 
requirements for the developing flow region of 
a square duct. 

To obtain experimental data, a square duct 
tunnel was constructed as shown in Fig. 1. It 

sleeve served to isolate any mechanical vibra- 
tions and also tended to even out any small 
pulsations in the flow. The diffusing section of 
the settling chamber had two screens to spread 
the flow. A tuft survey was carried out to ensure 
that no pulsating stall was present. The cylindri- 
cal portion of the settling chamber contained 
a hexagonal honey-comb followed by three 
damping screens. The contraction sections 
available were both gradual and sharp with a 
contraction ratio of 1:7*X The end of the 
gradual contraction section had a & in. wide 
peripheral sand paper strip to trip the flow at 
the entry to the duct The duct was 32 in square 
and was built of 2 ft lengths. The maxims 
ridge at the joints was less than 4 thousandth of 
an inch ensuring hydrodynamically smooth 
joints. The traversing mechanism was taken from 
a precision lathe and could locate the probes to 
within a thousandth of an inch. 

The mean velocities were taken by traversing 
a Pitot-static tube connected to a Betz mano- 
meter. The Pitot-static tube had an outer 

Rubber sleeve 
Settling chamber 

__ L Total head tap 

Contraction section 

Square duct 

Wind tunnel layout 

(Not to scale) 

FIG. 1. Wind tunnel layout. 

consisted of a centrifugal blower, a settling 
chamber and the duct The blower was capable 

diameter of 0.10 in The isovels were found by 

of developing a total head of about 23 in. of 
surveying one octant of the 3$ in. square duct 

water, and was connected through a rubber 
ati in. intervals The data closest to the boundary 

sleeve to the settling chamber. The rubber 
were taken at a distance of & in. from the wall. 
With reference to the work of MacMillan [12] 
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on Pitot tube effects on the readings, the distance 
from the wall was such that its effect was 
negligible. In the same paper it is mentioned 
that the effect of the shear region on the readings 
is equivalent to the Pitot tube being apparently 
displaced by 0.15 its diameter towards the 
higher velocity region. On the basis of this 
suggestion, the velocity readings presented in 
this paper have been over estimated in the 

highest shear region by a maximum of 0.75 per 
cent. The symmetry of the flow was checked 
by a survey of corresponding points in the other 
seven octants during the course of a run. 
Symmetry was present to within 3 per cent 
of the local flow. The mean flow field was found 
at four longitudinal locations and at four 
different Reynolds numbers at each location. 
The isovels presented in Fig. 2 are at four 
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FIG. 2 Isovels and wall shear velocity (a) for x,;D, = 6.36. 
Re, = 1.083 x 105.(b)forx,/D, = 12,9,Re, = 1.056 x 105. 
(c) for xl/D, = 19.6, Re, = 1,064 x 105. (d) for x,/D, = 

26.2, Re, = 1.063 x 105. 
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locations for a Reynolds number of about 
l-065 x lo5 for a gradual entrance to the duct. 
The measuring apparatus was set up for each 
longitudinal location to obtain the readings 
for four Reynolds numbers. At subsequent 
locations, the intentions were to take readings 
at the same four Reynolds numbers. This was 
done by means of the total head reading in the 
settling chamber, using the entrance section as 
a calibrated flow nozzle. Thus the Reynolds 
number varies slightly from section to section, 
but is of no consequence to the isovel and shear 
stress data of Fig. 2. 

It can be seen in Fig 2 that the isovels curve 
away from the boundary as the diagonal is 
approached at an xl/DH = 6.36, but become 
nearly parallel to the boundary at x,/D, = 12.9. 

x 

I x 

25 xxx 

a * +x 
x x &,-I,58 x105 

- A AA x 
A 

A =I.41 Xl05 

xx 
A 

\ 

xx 0 = I.076 X IO5 

AA. 0 =5.9 x 105 

I5 

x 

Further down-stream, at x,/Da = 19.6 and at 
26.2, there is an increasing tendency of the 
isovels to go nearer the boundary as the diagonal 
is approached. The isovel shape suggests that 
secondary flows exist in the developing region 
and that their influence consistently increases 
along the development length. Thus the struc- 
ture of fully developed flow in a square duct 
manifests itself early in the development region, 
particularly with respect to corner penetration 
by the isovels. 

The peripheral wall shear readings were 
taken with a Preston tube at each location and 
Reynolds number. The longitudinal pressure 
gradient (Fig. 3) was small enough that the use 
of the Preston tube was justified by Patel’s 
correlation [13]. An important point to note 

Static pressure dlstributmn along length of duct 

(gradual entrance) 

Static pressure requred 

to balance shear force 

0 10 20 30 40 50 60 

RG. 3(a). Experimental static pressure distribution in the 
developing region for a gradual entrance.. 

C 



370 S. AHMED and E. BRUNDRETT 

from the isovels and wall shear velocity plots length to increase as the Reynolds number 
(Fig. 2) is that though the core flow is still increases. This can be detected since the 
developing with length the average wall shear pressure gradient is greater in the developing 
velocity has become nearly constant for a region than for fully developed flow, due to the 
given Reynolds number. This illustrates that acceleration of core fluid. The static pressure 
the value of the fully developed wall shear distribution is also presented for a sharp entry. 
stress is obtained early in the developing in Fig. 3(b). The development length is still 

25 

I 

Static pressure dlstrlbutlon along length of duct 

I 
n* (sharp entrance) 

x xx 
* 

,. 
i 

20 L-J AL x x Re, = I.61 X105 

a = 1.435x105 

+ = I.18 X105 

0 = 9.2 x IO4 

0 = 6.28 X104 

15 

St&c pressure requred 

,to balance shear force 

5 

0 IO 20 30 40 50 60 

XI /D, 

FIG. 3(b). Experimental static pressure distribution in the 
developing region for a sharp entrance. 

region. Additional isovels at the four locations 
were obtained [14] for Reynolds numbers of 
5.9 x 104, 1.41 x lo5 and 1.65 x 105, and in- 
dicate that the rate of development of the 
boundary layer increases with decreasing Rey- 
nolds number, as would be expected. 

Static pressure distributions along the duct 
for a gradual entry were obtained for a range of 
Reynolds numbers and are shown in Fig. 3(a). 
The point of fully developed flow cannot be 
determined exactly for a particular Reynolds 
number, but the trend is for the development 

directly dependent on the Reynolds number, 
but in all the cases, it is smaller than for a 
gradual entry. This reduction is undoubtedly 
influenced by the vena contracta effect at the 
entry, whi& accelerates the core flow and 
produces a significant velocity defect thickness. 
This is a significant observation since many 
practical flow applications involve sharp entry 
conditions. The reduced development length 
means that the fully developed shear stress 
correlations can be applied with acceptable 
accuracy to the flow even earlier than for a 
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well-rounded entrance and are valid for x1/D* 
> 5. These experimental data and conclusions 
are consistent with the results of the following 
momentum analysis. 

A momentum integral prediction method for the 
developing region of regular polygons 

It is the purpose here to present an integral 
prediction approach for all regular polygons 
which incorporates the circle treated by Deissler 
[15]. The method gives the overall characteris- 
tics of the flow through regular polygons along 
the developing region The method of obtaining 
the friction factor along the length, requires 
the initial and final velocity profiles to be known 
in terms of U: and XT. Any intermediate 
velocity profile is assumed to be a combination 
of the two. The required assumptions are that 
the isovels are one dimensional, i.e. they are 
parallel to the boundary, and that the peripheral 
shear distribution is constant. These assump- 
tions are quite well justified in the near wall 
region, by the experimental observations of the 
preceding section. Since the method has been 
restricted to regular polygons, only one half of a 
triangle with the base as a side of the polygon 
and the centroid as the vertex need be con- 
sidered, see Fig. 4. 

Assuming a uniform velocity profile at the 
entry, the boundary layer develops along the 
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walls and the core flow is accelerated to accom- 
modate the increasing displacement thickness. 
A force balance is taken in the longitudinal 
direction across an elemental length dx,. The 
rate of change of momentum in slice dx, of 
the boundary layer is equal to the external forces 
acting on it in the x1 direction, thus 

-dP.(D-Gjtant?).6/2-r,.dx,.D/2 

D tan 812 

= d 
[s 

PUV- 2 
tz-ii8dx (D tane/2)-d 

‘I 
- u, d[ ,D;j;;_dJl sidx2] (1) 

where x3 has been replaced by x,/tan 8. 
In the core region, assuming potential flow, 

dP = - pU,dU,. 

Thus 

6dU, - r,dxl; 

FIG. 4. Descriptive sketch of nomenclature used for integral momentum analysis. 

= d 

- 

Ldx2 
tan e 

1 

PUIG- 2. ta”, e dx d 1 

I- 
D 

I 
DL =OP+OQ 
D,q = 2(OP) 

(2) 
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Re-arranging and expressing the equation in 
non-dimensionalized form and integrating 
yields, 

U&D’ 

(3) 

where ‘b’ is the upper limit of the independent 
variable. 

In the above expression, for the integration 
it is necessary that D+ be known in terms of 
Sf, and that UT be known in terms of xi. 
The first requirement is obtained by the condi- 
tion of conservation of mass, where the average 
velocity (I, remains the same along the tube 
formed by the triangle under consideration 
in the duct. 

DtanO/2 

‘Vi D I)tan(j = __- -- 

2 22 s 
(D tanO/2)-6 

xp”l$&i2+‘Fe%3J (4) 

D+ tanO/Z 

U&D+ tan 8 = &ne 

d?c; 

(D+ ta;m9/2)-?I+ 

The above equation relates 6+ to D+. The 
second requirement of equation (3) is for a 
knowledge of the dependence of UT on x:. For 
this requirement a logarithmic profile is assumed. 

Now since the hydraulic diameter D, = 
D tan 0. The Reynolds number based on the 
hydraulic diameter becomes 

Substituting this in the mass conservation 
equation yields 

D+ tanl?/2 

Now the friction factor can be defined as 

CJ _ 5w 1 D+’ tan2 0 

2 - -T- 
= -2 = ~___2-_-~, 

PUM UM I% 
(7) 

Equation (3) can be re-written as 

D + tanf312 

U, + stid.y; )3 d(U,i D‘+) 

+ 
iDi.‘“i”““i” 

+ 
D + tanO/2 

I7 d (Vi - UT) 

0 (D+tane/2)-6+ 

(8) 

Hence, by numerically integrating equations 
(6)-(8), for a particular Reynolds number, the 
friction factor C,/2 may be obtained for any 
regular polygon-shaped duct For various values 
of 6+, Df is obtained from equation (6). Now 
for specified values of Re, 6’ and D+ : C,;2 
and x,/D, can be obtained from equations (7) 
and (8) respectively. Computational results and 
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data are plotted in Fig 5, for the Reynolds distribution predictions would have to be inter- 
number based upon a more realistic length preted with the earlier neglect of the secondary 
scale D, defined with reference to Fig 4 as flows in mind. 

D,=OP+OQ. (9) CONCLUSIONS 

In all regular polygons DL is greater than D, with Developing flow in a square conduit has 
the difference decreasing as the number of sides been examined experimentally and found to 

O~Kxi r 
x ReL -5.9 (IO41 

* - I.075 (105) 
0 - I.41 (105) 
0 = 1.654(105) 

I I I 11 11 11 11 11 I ’ I 
0 2 4 6 8 IO 12 14 16 18 20 22 24 26 28 30 

Xl'& 

FIG. 5. The comparison of experimental and predicted values 
of C, at various Reynolds numbers, Re,. 

increases. The experimental correlations of 
shear stress were significantly improved for the 
square duct for Reynolds number based upon 
DL rather than upon Dm [14] 

Finally, by neglecting the existence of secon- 
dary flows, a more general method [lo] may 
be employed for the same predictions. For 
economy in computing time it is likely that the 
initial estimate of the longitudinal pressure grad- 
ient must be very good. The resulting velocity 

consist of a rapidly stabilsed ‘near wall’ layer, 
and an accelerating core. With increasing de- 
velopment length, or decreasing Reynolds num- 
ber the boundary layer increases in thickness 
until the duct centerline is reached then no 
further axial acceleration of fluid occurs. The 
pressure gradient in the developing region 
consists of two components, one related to the 
wall shear stress, and the other to the axial 
acceleration By Preston tube measurements, 
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it is observed that the wall shear stress rapidly 
approaches the fully developed value, and for 
engineering calculations this value can be 
adopted for distances greater than five hydraulic 
diameters from the inlet. An approximate 
momentum integral method is outlined which 
successfully correlates the wall shear coefficient 
in the development region for the range of 
experimental data. In addition, lateral wall 
shear stress data are presented for various 
Reynolds numbers and development lengths. 
The data indicated that the wall shear stress is 
very nearly uniform around the duct perimeter 
in the developing region except for a small 
distance at the corners. Finally, both the experi- 
mental and the analytical friction coefficient 
data are compared with satisfactory accuracy 
when a new characteristic duct length is used 
that is defined for regular polygons. 
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ECOULEMENT TURBULENT DANS DES CONDUITS NON CIRCULAIRES 

RCom&Les principales proprittes generalisees de l’ecoulement turbulent dans des conduits non circulaires 
sont examinees pour la region en developpement dans un conduit car& Les resultats experimentaux 
renferment des profils de vitesse moyenne et des distributions de tensions peripheriques parietales a 
plusieurs endroites, aussi bien que la distribution longitudinale de pression statique, pour des nombres de 
Reynolds entre 50000 et 150000. 

11 existe une similitude par les courbes isovitesses et de distribution des tensions parietales entre la region 
d’ttablissement et celle de l’tcoulement pleinement Ctabli. I.a contrainte tangentielle parietale prend 
rapidement une valeur qui est legerement’plus grande que celle pour un tcoulement totalement developpe, 
bien que le gradient de pression axiale ne soit pas stabilid a cause de l’acceleration convective du coeur 
du fluide. Ceci indique que l’boulement proche de la paroi atteint rapidement des proprietb totalement 
developpees. 

11 est recommande pour des calculs d’engineering qu’une longueur d’etablissement dans des conduits 
soits defmie en termes de stabilisation des parametres parietaux tels ques la contrainte tangentielle et le 
transfert therrnique. Pour le conduit carre avec entree convergente a large rapport de contraction, la 
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contrainte tangentielle pa&tale est dtablie pour six diametres hydrauliques tandis que par comparaison 
lecoeur dufluide n&es&e une longueurde developpementd'tm ordre degrandeur plus bleve, qui devrait 
&re. control& par le nombre de Reynolds. Les result&s de contrainte tangentielle relatifs au tube de Preston 
sont confirm&s par un pro&de d’integration de quantim de mouvement qui est gentralisi: pour tous les 
polygdnes rtguliers. Les rtsultats exptrimentaux et calculb de contrainte tangentielle pa&ale sont en 
accord a 4 pour cent pr+s avec les resultats de l’ecoulement totalement Ctabli dans un tuyau en utilisant 

une nouvelle &chelle de longueur caracteristique qd tient compte de la forme du conduit. 

TURBULENTE STRijMUNG IN NICHT-KREISFGRMIGEN RiiHREN 

Z~ammenfassang-Die verallgemeinerten zeitlichen Mittelwerte einer turbulenten Striimung in nicht- 
kreisfdrmigen Riihren wurden untersucht fiir die Anlaufzone eines Rohres mit quadratischem Querschnitt. 
Die experimentellen Daten umfassen Geschwindigkeitsprofle, Wandschubspannungen an verschiedenen 
Stellen und die Verteilung,des statischen Druckes iiber der Rohrllnge; die Reynoldszahlen liegen dabei 
zwischen 5OOOO und 150000. 

Es existiert eine Ahnlichkeit ftir die Geschwindigkeitsverteilung an der Wand und ftir die Wandschub- 
spannungsverteilung in der Anlaufzone mit den Verhaltnissen in der voll ausgebildeten Stromung. Die 
Wandschubspannung erreicht sehr ranch einen Wert, der etwas hiiher ist als der fflr voll ausgebildete 
Stromung, obwohl sich der Gradient des statischen Druckes noch nicht stabilisiert hat, was durch die 
konvektive Beschleuuigung der Kemstromung verursacht ist. Dies zeigt, dass die Striimungin d.sr N& 
der Wand rasch das Verhalten der vollausgebildeten Strbmung aufbaut. 

Ftir ingenieurmlssip Berechungen wird empfohlen. eine effektive Anlaufllnge in Rohrcn durch die 
Stabilisierung der lokalen Wandparameter wie Schubspannung und Warmetibergang festzulegen. Fur 
das verwendete Rohr mit quadratischem Querschnitt und einer gut gerundeten Einlaufijffnung mit hohem 
Kontraktionsverh%ltnis ist die Wandschubspannung innerhalb von se& hydraulischen Durchmessem 
ausgebildet, wlhrend zum Vergleich die Kernstriimung eine Anlauflange von etwa einer Griissenordnung 
mehr beniitigt und starker von der Reynoldszahl abzuhlngen scheint. Die experimentellen Daten fur 
die Schubspannung im Preston-Rohr werden best&@ durch eine Impuls-Integral-Prozedur, die ftir alle 
regullren PolygonBguren verallgemeinert aufgestellt wurde. Die experimentellen und die berechneten 
Werte der Wandschubspannung stimmen innerhalb von 4 Prozent der Daten fiir die voll ausgebildete 
Rohrstrijmung Oberein, werm man eine neue charakteristische Lange benutzf die die Form des Rohrquer- 

schnitts berticksichtigt. 

TYPBYJIEHTHOE TEYEHBE B HEKPYI‘JIMX TPYBAX 

ArsrroTegHa-Paccnrorperrbt o6o6memrne cpe~rnie XapaKTepUCTUKU TypEiyneHTHoro TeUeHUU 
B HeKpyI?IbIX Tpy6axgan o6JracTn cTa6unnaaqmi B KaHaJle KBaApaTHOrO Ce'teHUU3KCnepU 
UeHTanbUbre AaHHbre BKnwratoT cpearnre npof#UnU CK~P~CTU U pacnperreneHUU HanpfwteUUn 
TpeHUR no nepnmerpy crerrurr n paarrnqnnx yuacTKax,a TaKme npo~onbHoe pacnpegeneHUe 
CTaTSi'IeCKOrO ~aBJIeHlfR~JI~ WiCeJr PefiHOJIbJ(CaOT 50000 A0 150000. 

CyIJJeCTByeT arranornn Memay pacnpeReneHUem 0cpeAHerfHbrx EiaoTax II KacaTenbHbrx 
HanpfWeHlltiHaCTeHKeB 06nacTnccTa6rrnrraaqriarr 3TUMHXapaKTepUCTUKaMU~JIUnOnHOCTbrO 
paaBUTor0 TeneHUU. KacaTenbHoe KanpftmeHUe na cTeUKe 6btc~p0 gocTUraeT aHa9eKUn 
HeCKOJlbKO 6onbmer0, YeM JJi'lH nOnHOCTblO pa3BUTOrO TeUeHUR 6naroaapU KOHBeKTUBHOMy 
ycKopeHUxrU~pawr~~0cTU,~ameecnU aKcUanbHoepacnpe~eneHUe~aBnerniUHecTa6Uan.i3U- 
pOBanOCb. 3TO CBUgeTenbCTByeT 0 TOM, YTO B6nU3U CTeHKU TeneHUe 6btCTpO npUO6peTaeT 
CBOZfCTBa nOnHOCTbI0 pa3BIfTOI'O IIOTOKB. 

,&lJI KHlKeHepHblX paCqeTOB peKOMeH/Jj'eTCH OIIpeAeJIHTb 3@#eKTHBHyIO AJIHHY YqaCTKa 

cTa6rinnaaqnn B nananax B BErAe cTa6nnU3anUU TaKHX napaMeTpoBCTeHKU KaK KacaTeJrbHOe 
HanpUIHceHue U Koa@+urnuenT TennOO6MeHa. &Tn KBaUpaTnoro KaKana c 6onbmUM OTH~- 
CUTeJlbHbIM CymeHUeM BXOea H CKpyrneHHbIMU BXOnHbIMU KpOMKaMU KaCaTenbHOe 
HanpameUUe Ua CTeHKe CTa6UnU3UpOBanOCb Ha paCCTORHUU IneCTU ru~pasnUsecKUx 
JnrareTpoB, Torna KaK nJrJIFI Unpa nOTOKa aTa ArmHa cTa6Unu3anUU npU6nU3UTenbHO Ha 
nOpRgOK 6oabme U CUnbHO 3aBUCUT OT WCJIa PeffHOnbJJCa. 3KCnepUMeHTanbKbre 3HaneHnU 
KacaTenbUbIxUanpUHteHUdB Tpy6Ke lIpecToHano~TBepmnatoTcnaHa~eHUUMU,nonyreHHbrmU 
MeTOAOM MHTeI?paJIbHbIX MOMeHTOB, o606meHHoro ,?(nrl BCeX npaBUnbHbtX MHOl'OrpaHHUKOB. 
3KcnepUMeHranbUbre U pacueTwe aHa9eHUn KacaTenbnbrx UanpUmeUUiI Ha CTeHKe aarr 
nOJrHOCTbIO pa3BIiTOrO IlOTOKa B Tpy6ax, nOnyUeHHbte C UCnOnb3OBaHUeM HOBOI'O XapaKTe- 

pAOr0 macmra6a EJIliHbI, J'WTblBaIoIJJel'O @OpMy Tpy6a, KOppenUpyH)TCR C TOBHOCTbhJ 

A0 4%. 


